Abstract-This paper deals with the performance analysis of Alamouti coded orthogonal frequency division multiplexing (OFDM) systems over time-varying multipath Rayleigh fading channels. In our analysis, we consider a physically more realistic channel, which can be correlated either in time or in space or even in both domains. We derive an analytical expression for the bit error probability (BEP), which describes the performance of an Alamouti coded OFDM system over fading channels correlated in space and time. It is shown that the derived BEP can be reduced to the known BEP obtained over fading channels correlated in time or space. The correctness of all theoretical results is validated by system simulations. The knowledge of the obtained theoretical results makes the BEP evaluation more straightforward and less time-consuming compared to simulations. Moreover, it allows us to discuss the effect of the maximum Doppler frequency and the antenna spacing on the system performance.
I. INTRODUCTION
In the past two decades, space-time block coding (STBC) schemes have received considerable attention due to the fact that they can increase the transmission reliability over wireless fading channels [1] . One of the famous and simple STBCs is the Alamouti coding scheme [2] , which has been proposed by Alamouti to achieve a transmit diversity gain. It has been shown in the literature, e.g., in [3] , that the simple Alamouti scheme works well if the mobile fading channel remains constant over an Alamouti codeword period. Due to the increasing demand for high data rate wireless communication services, future communication systems are supposed to be operating in much larger bandwidth ranges than today's communication systems. To cope with the multipath fading problem faced by future wideband communication systems, one efficient solution is to combine the Alamouti scheme with OFDM techniques.
Since the symbol duration of an OFDM system is much longer than that of a single-carrier system, a channel which is quasi-static for a single-carrier system may not be quasi-static for an OFDM system. Therefore, when studying the performance of an Alamouti coded OFDM system, it is physically not realistic to consider the channel as time invariant over two consecutive symbol durations. The impact of a time-varying fading channel on the performance of Alamouti coded OFDM systems has been investigated in [4] . The drawback of this paper is that the spatial correlation between the Rayleigh fading subchannels has not been taken into account. However, it has been shown in [5] by simulations and in [6] by theory that the performance of an Alamouti coded OFDM system depends not only on the temporal correlation but also on the spatial correlation. Due to this fact, the authors in [7] have studied the impact of both the temporal and the spatial properties on the performance of Alamouti coded OFDM systems. However, in [7] , the authors assumed that the subchannels cannot be correlated simultaneously in time and space. For example, they assumed that no spatial correlation exists when analyzing the system performance over channels correlated in time and vice versa. Thus, the results in [7] were not generally valid and they cannot be used for the realistic case where the subchannels are correlated in both time and space.
In this paper, we concentrate again on the performance analysis of Alamouti coded OFDM systems in time-varying multipath Rayleigh fading channels. In contrast to [4] and [7] , we restrict our attention to the physically more realistic case that the channel can be arbitrarily correlated either in time or in space or even in both domains. In our analysis, we assume that the channel envelope changes during two consecutive transmission time slots. We derive an analytical expression for the BEP over channels correlated in space and time. We show that our derived BEP can be reduced to the BEP presented in [7] for channels correlated only in time or space. All theoretical results will be confirmed by system simulations. The obtained results allow us to study the influence of the Doppler effect and the antenna spacing on the system performance. It is shown that the system performance improvement can be achieved by increasing the antenna spacing, while the performance deteriorates if we increase the maximum Doppler frequency. It turns out that the temporal autocorrelation function (ACF) and the space crosscorrelation function (CCF) have an inverse effect on the system performance though they have the same shape under isotropic scattering conditions. The rest of the paper is organized as follows. In Section II, we briefly review the Alamouti coded OFDM system and the statistical properties of the considered wideband chan-nel model. Section III analyzes the BEP performance over channels correlated in space and time, where an analytical expression is derived for the BEP of Alamouti coded OFDM systems. Section IV confirms the correctness of the theory by simulation. Finally, we give the conclusions in Section V.
II. REVIEW OF THE ALAMOUTI CODED OFDM SYSTEM
In this paper, we consider an OFDM system equipped with two transmit antennas and a single receive antenna. The complex data symbol pair (S 1 , S 2 ) is encoded first by the Alamouti scheme [3] before it is transmitted over a multipath fading channel. The symbols received at the time slots t 1 and t 2 can be expressed as
where N i denotes the additive white Gaussian noise (AWGN) component at the time slot t i (i = 1, 2) and
represents the space-time-variant transfer function of the transmission link from the k th transmit antenna located at x k (k = 1, 2) to the single receive antenna. Here, L is the number of discrete propagation paths. The quantities a and τ denote the path gain and the propagation delay of the th path, respectively. It is assumed that the average power of the channel model is normalized to unity, i.e., the power constraint L =1 a 2 = 1 holds. The processes μ (x k , t i ) in (2) represent zero-mean complex Gaussian random processes. We assume that the real and imaginary parts of μ (x k , t i ) are uncorrelated, each having the variance σ 2 0 = 1/2. It is supposed that the receiver knows perfectly the channel state information, and we assume that no synchronization error exists. By applying the combining strategy proposed in [8] , [9] , the estimated symbols at the output of the detector can be expressed in the form shown at the bottom of this page.
A. The Instantaneous Output Signal-to-Noise Ratio
For convenience, we express the complex space-time-variant transfer functions by their envelopes
as follows
Given the channel model described by (2) , it turns out that the random envelope R m follows the Rayleigh distribution.
Since the system model is symmetrical, the BEP of S 1 is equal to the one for S 2 . Therefore, in the following, we only concentrate on the BEP analysis of S 1 . For the instantaneous output signal-to-noise ratio (SNR) ofŜ 1 , we find the following expression from (3a)
where 2σ 2 n denotes the variance of the AWGN noise. It should be mentioned that if the channel is constant during the consecutive time slots t 1 and t 2 , i.e.,
, the instantaneous output SNR γ in (5) reduces to the one presented in [10, p. 214] .
B. Statistical Properties of the Considered Channel Model
As shown in [5] , the performance of an Alamouti coded OFDM system depends not only on the temporal correlation but also on the spatial correlation. For the purpose of performance analysis, we briefly review the main correlation functions of the considered channel, which is correlated in both spatial and temporal domains.
First, we consider the temporal ACF r HH (τ ) between the subchannels
. By making use of the results in [11] , we can express the temporal ACF r HH (τ ) as follows
where τ = t 2 − t 1 and r μ μ (τ ) describes the temporal ACF between μ (x k , t 1 ) and μ (x k , t 2 ). Assuming isotropic scattering conditions, we have r HH (τ ) = 2σ 2 0 J 0 (2πf max τ ). Here, J 0 (·) is the zeroth-order Bessel function of the first kind and f max represents the maximum Doppler frequency.
The space CCF r
where x = x 2 − x 1 . In (7), r μ μ ( x) designates the space CCF of the random processes μ (x 1 , t i ) and μ (x 2 , t i ).
For the case of isotropic scattering, we have r HH ( x) = 2σ 2 0 J 0 (2π x/λ), where λ denotes the wavelength. (8) for i, j = 1, 2 and i = j. Finally, we mention that the spacetime CCF r HH ( x, τ ) can be represented by the sum of the space-time CCFs of different propagation paths weighted by the path power a 2 .
III. THE BEP PERFORMANCE OF ALAMOUTI CODED OFDM SYSTEMS OVER FADING CHANNELS CORRELATED
IN SPACE AND TIME In the following, we will first derive an analytical expression for the joint PDF of the envelopes R 1 , R 2 , R 3 , and R 4 , denoted by p R1R2R3R4 (r 1 , r 2 , r 3 , r 4 ). Thereafter, we will find a solution for the PDF of the instantaneous output SNR. At the end, the BEP can be easily derived by averaging the conditional BEP over the obtained PDF of the instantaneous output SNR [10] .
A. The Derivation of the Joint PDF of Four Envelopes
We express the complex space-time-variant transfer functions by their real and imaginary parts in the following form
As already mentioned in Section II, X m and Y n are independent Gaussian random variables (m, n = 1, 2, 3, 4). 
where
Substituting (11) and (12) into (10) 
B. Derivation of the PDF of the Output Instantaneous SNR
This subsection is devoted to find an expression for the PDF p γ (γ) of the instantaneous output SNR. It is shown in (5) that the instantaneous output SNR is determined by the envelopes (R 1 , R 2 , R 3 , R 4 ) and the phases (Θ 1 , Θ 2 , Θ 3 , Θ 4 ) . Even if the joint probability density function (PDF) of the envelopes and phases is known in advance, it is mathematically complicated to find the theoretical expression for the PDF of the instantaneous output SNR.
For the purpose of performance analysis, we introduce an approximation for the instantaneous output SNR by neglecting the difference between the phase changes Θ 1 − Θ 2 and Θ 3 − Θ 4 , i.e., Θ 1 − Θ 2 − (Θ 3 − Θ 4 ) ≈ 0. Thus, the instantaneous output SNR γ in (5) can be approximated as
To verify its accuracy, we compare the PDF of the exact instantaneous output SNR with that of the approximate one by means of simulations. Figure 1 presents the simulation results for both PDFs by considering different types of correlated channels, including (i) channels correlated in time, (ii) channels correlated in space, and (iii) channels correlated in both domains. All simulation results presented in Fig. 1 are obtained by considering a typical 6-path rural area propagation scenario [13] . It is assumed that the average SNRγ is 5 dB, the symbol duration T s equals 6.4 μs, the maximum Doppler frequency f max is 500 Hz, and the normalized transmit antenna spacing x/λ is 0.5. As illustrated in Fig. 1 , the difference between the two types of PDFs is indistinguishable. This means that the PDF of the approximate instantaneous output SNR is almost equivalent to that of the exact instantaneous output SNR. Thus, the overall phase contribution to the instantaneous output SNR is negligible. It should be emphasized again that we have not neglected the phase difference between Θ 1 and Θ 2 (or between 
The accuracy of such an approximation has been confirmed by the excellent fitting between the PDF curves in Fig. 1 .
To obtain the PDF of the instantaneous output SNR, we start from deriving the PDF of the random variable Z defined by
Let us define a system of equations as follows
C. Expression for the BEP
The BEP of the Alamouti coded OFDM system can be calculated by means of the relation [10, Eq. (7.20)]
where P b|γ (γ) is the conditional BEP of a digital modulation scheme for a specific value of the SNR γ. For the binary phaseshift keying (BPSK) modulation scheme, e.g.,
dy represents the complementary error function.
Substituting the derived joint PDF p γ (γ) [see (24)] into (25) and taking (16) into account, we finally come to the result of the BEP of a BPSK Alamouti coded OFDM system as shown in (26).
In the following, we will discuss two special cases. By considering ρ x = 0 and ρ x,T = 0, the BEP in (26) reduces to the BEP
which has been presented in [7, Eq. (11) ] describing the system performance over fading channels correlated in time.
For the case when ρ T = 0 and ρ x,T = 0, the BEP in (26) can be reduced to the result presented in [7, Eq. (15) ]
which represents the BEP performance of the Alamouti coded OFDM system over fading channels correlated in space.
IV. NUMERICAL RESULTS
This section is devoted to illustrate the theoretical BEP results given by (26), (27), and (28). To confirm their correctness, all derived theoretical results will be validated by system simulations. In all the simulations, we assume that the considered OFDM system consists of K = 64 subcarriers. All other parameters are the same as in Section II.
The BEP performance over fading channels correlated in spatial and temporal domains is presented in Fig. 2 for different antenna spacings x and different maximum Doppler frequencies f max . It is shown that the theoretical BEPs calculated by (26) match perfectly the ones obtained by system simulations. Moreover, we can observe that both the antenna spacing and the maximum Doppler frequency have an impact on the system performance.
In the following two figures, we present the BEP performance for the two special cases, where the channels are correlated either in the temporal or spatial domain. Figure 3 illustrates the BEP over channels correlated in the temporal domain for f max = 100 Hz and f max = 500 Hz [see (27) ]. This figure also presents the relevant simulation results, which again confirm the correctness of the analytical ones. It turns out that the maximum Doppler frequency has an influence on the system performance, which can be attributed to the channel variations during two consecutive transmission time slots. The performance degrades when changing the maximum Doppler frequency f max from 100 Hz to 500 Hz.
The theoretical results of the BEP described by (28) are Bit error probability Theory, f max = 100 Hz Simulation, f max = 100 Hz Theory, f max = 500 Hz Simulation, f max = 500 Hz Fig. 3 . BEP performance of Alamouti coded OFDM systems over fading channels correlated in time for fmax = 100 Hz and fmax = 500 Hz. depicted in Fig. 4 for different antenna spacings x = 0.1λ and x = 3λ. It can be concluded from Fig. 4 that the system performance can be improved by increasing the antenna spacing. This can be explained by the fact that the spatial correlation between subchannels becomes smaller when the antenna spacing increases. By comparing Fig. 3 with Fig. 4 , we may conclude that though the temporal ACF and the space CCF have the same shape, their influence on the system performance is inverse.
V. CONCLUSION
In this paper, we have analyzed the performance of Alamouti coded OFDM systems over multipath Rayleigh fading channels correlated in space and time. In our analysis, we have considered the physically more realistic case that the channel envelope changes during two consecutive transmission time slots. It has been shown by simulations that the instantaneous output SNR strongly depends on the statistics of the envelopes of the space-time-variant transfer functions, while the impact of the overall random phase contribution is negligible. An analytical expression has been derived for the BEP of an Alamouti coded OFDM system over fading channels correlated both in temporal and spatial domains. The derived BEP includes the known BEPs for channels correlated in the temporal or spatial domain as special cases. With the help of the derived BEP expressions, we have numerically evaluated the BEP performance for different types of correlated channels, where the impact of the maximum Doppler frequency and the antenna spacing on the system performance has been discussed. We found that the system performance deteriorates when increasing the maximum Doppler frequency due to a lower temporal ACF. In contrast, the performance improves if increasing the antenna spacing due to a lower space CCF. Therefore, it can be concluded that the temporal ACF and the space CCF have inverse effect on the system performance though they have the same shape under isotropic scattering conditions. In addition, we have confirmed all the theoretical results by system simulations.
